Kainic acid (KA) is a potent agonist at non-N-methyl-Daspartate (non-NMDA) ionotropic glutamate receptors and commonly used to induce seizures and excitotoxicity in animal models of human temporal lobe epilepsy. Among other factors, Ca v 2.3 voltage-gated calcium channels have been implicated in the pathogenesis of KA-induced seizures. At physiologically relevant concentrations, endogenous trace metal ions (Cu 2+ , Zn 2+ ) occupy an allosteric binding site on
the domain I gating module of these channels and interfere with voltage-dependent gating. Using whole-cell patchclamp recordings in human embryonic kidney (HEK-293) cells stably transfected with human Ca v 2.3d and b 3 -subunits, we identified a novel, glutamate receptor-independent mechanism by which KA can potently sensitize these channels. Our findings demonstrate that KA releases these channels from the tonic inhibition exerted by low nanomolar concentrations of Cu 2+ and produces a hyperpolarizing shift in channel voltage-dependence by about 10 mV, thereby reconciling the effects of Cu 2+ chelation with tricine. When tricine was used as a surrogate to study the receptorindependent action of KA in electroretinographic recordings from the isolated bovine retina, it selectively suppressed a late b-wave component, which we have previously shown to be enhanced by genetic or pharmacological ablation of Ca v 2.3 channels. Although the pathophysiological relevance remains to be firmly established, we speculate that reversal of Cu 2+ -induced allosteric suppression, presumably via formation of stable kainate-Cu 2+ complexes, could contribute to the receptor-mediated excitatory effects of KA. In addition, we discuss experimental implications for the use of KA in vitro, with particular emphasis on the seemingly high incidence of trace metal contamination in common physiological solutions. Alpha-kainic acid (KA) is a naturally occurring excitatory amino acid with an embedded L-glutamic acid (L-Glu) moiety. In rodents, systemic administration produces a limbic motor syndrome reminiscent of human temporal lobe epilepsy, which is characterized by recurrent limbic seizures, hippocampal sclerosis, and hyper-excitability in surviving hippocampal neurons (Wang et al. 2005) . KA has been shown to exert its effects via activation of non-N-methyl-Daspartate (non-NMDA) ionotropic glutamate receptors, triggering excessive Ca
2+
-influx with a number of detrimental cellular implications (Wang et al. 2005) . Ca v 2.3 voltagegated Ca 2+ -channels (VGCCs) play a pro-ictogenic role in the pathogenesis of KA-induced seizures, which is reflected in a marked seizure resistance and neuroprotection conferred by their genetic ablation (Weiergr€ aber et al. 2007; DibueAdjei et al. 2017) . These channels are widely distributed throughout the brain and involved in a number of vital physiological processes, including synaptic transmission, integration, and plasticity (Magee and Johnston 1995; Magee and Carruth 1999; Gasparini et al. 2001; Dietrich et al. 2003) . They are also among the most sensitive molecular targets of Zn 2+ and Cu 2+ currently known, which has been linked to a high affinity trace metal binding site that is not conserved in other high-voltage activated Ca 2+ channels Magistretti et al. 2003; Shcheglovitov et al. 2012; Neumaier et al. 2015) . Interestingly, a recent study found that excitatory amino acids like L-glutamate (LGlu) can significantly stimulate Ca v 2.3 channels by acting as trace metal chelators and reversing suppression by Zn 2+ and Cu 2+ in vitro (Shcheglovitov et al. 2012) . Although the exact role of endogenous free trace metal ions (TMIs) in the brain remains controversial, their chelation has been shown to augment KA-induced neurotoxicity (Lees et al. 1998 ) and can trigger seizure activity and neuronal cell death during sub-convulsive KA over-excitation in mice (Dominguez et al. 2003) . Given the structural similarity of KA to L-Glu and other trace metal chelating amino acids, these findings prompted us to investigate whether its application in the presence of physiologically relevant concentrations of Cu 2+ could also alter Ca v 2.3 channel function in a receptorindependent manner. To this end, whole-cell patch-clamp recordings were performed in HEK-293 cells stably transfected with human Ca v 2.3 and b 3 channel complexes, which allowed us to study the effects of KA without interference from glutamate receptors. Our findings confirm that KA produces a strong, Cu 2+ -dependent stimulation of channel gating that can be reproduced by trace metal chelation with tricine. They also indicate that traces of other metal ions contaminating the recording solution may suffice for similar, albeit much less marked effects. When tricine was used as a surrogate to isolate and study the receptor-independent action of KA in electroretinographic recordings from the isolated bovine retina, it selectively suppressed a late b-wave component, which we have previously shown to be carried by Ca v 2.3 channels (Alnawaiseh et al. 2011) . Although the pathophysiological relevance remains to be firmly established, we speculate that disinhibition of Ca v 2.3 by chelation of endogenous transition metal ions could contribute to the receptor-independent excitotoxic effects of KA. Whole-cell patch-clamp recordings Cells were voltage-clamped using the whole-cell configuration of the patch-clamp technique (Hamill et al. 1981) . Pipettes were prepared from thick-walled borosilicate glass capillaries (1.5/ 0.84 mm OD/ID; World Precision Instruments) using a P97 Micropipette puller (Sutter Instruments) and had resistances between 3 and 5 MO when filled with internal solution. The bath was connected to ground via 120 mM sodium chloride agar bridges. Currents were acquired at 50 kHz and filtered at 10 kHz using an EPC9 amplifier (HEKA Elektronik Dr. Schulze GmbH, Germany) controlled with HEKAs Pulse software. Leak and capacitive currents were subtracted online by use of a -P/5 protocol. Series resistance (5-15 MO) was compensated electronically by 75-85% and continuously monitored throughout the measurements. All experiments were performed at room temperature (15-20°C), from a holding potential of À80 mV and with cells that had a mean wholecell capacitance of 24 AE 2 pF (n = 73), as estimated from the slow capacitance compensation of the amplifier.
Material and methods

Cell culture
Recording solutions and drugs
Unless noted otherwise, reagents were purchased from SigmaAldrich and used without further purification. The standard external solution used to isolate Ca 2+ -currents contained (in mM) 120 NaCl (Carl Roth, Karlsruhe, Germany p.A. #3957.1), 5 CaCl 2 (Sigma, #C8106), 5 KCl (Merck, suprapure, Merck #104938), 1 MgCl 2 (Sigma, #M2670), 20 tetraethylammonium chloride (Sigma, # T2265), 10 glucose (Sigma, # G8270), and 10 2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulfonic acid) (HEPES) (Carl Roth, p.A., # H3375), with the pH adjusted to 7.4 using NaOH (Sigma, #415413-1L-D 
where I is the normalized peak current measured at the test potential V m , V rev the apparent reversal potential, G max the maximal slope conductance, V 0.5 the voltage eliciting a half-maximal current amplitude, and k the slope factor. The voltage-dependence of activation was determined from tail currents recorded after a brief step depolarization to potentials between À50 and 60 mV. Pre-pulse inactivation was assessed with a protocol consisting of 2 s conditioning pre-pulses at potentials between -120 mV and À10 mV, followed by a step depolarization to the voltage of maximal current activation. Activation and prepulse inactivation curves thus obtained were fitted with single Boltzmann equations:
where I/I max is the normalized current at the pre-pulse potential V m , V 0.5 the voltage of half-maximal activation (V 0.5act ) or inactivation (V 0.5inact ), k the activation (k act ) or inactivation (k inact ) slope factor and A 1 and A 2 the initial and final values, respectively. Activation time constants were determined by single exponential fits to the rising phase of macroscopic currents at different test potentials according to the following equation:
where I is the current at the time t, a 0 the value to which the current rises, a 1 a scaling factor, and s act the time constant of activation at the corresponding test potential. Similar results were obtained when the time-course of macroscopic activation was quantified using 10-90% rise times as a measure that is unaffected by the shape of currents.
Bovine electroretinographic (ERG) recordings
Fresh bovine eyes were obtained immediately post-mortem from a local slaughterhouse and transported in a light-protected thermos flask containing ice-cold, serum-free oxygenated Sickel medium composed of (in mM) 120 NaCl (Carl Roth, p.A.) (Carl Roth, p.A.) , with the pH adjusted to 7.8 using NaOH. Scotopic bovine electroretinograms (ERGs) were elicited at 30°C by 500 ms white flashes of light applied every 5 min and sampled at a rate of 100 Hz via two Ag/ AgCl electrodes placed on both sides of the retina. Unless noted otherwise, the flash intensity was set to 6.3 mlux at the retinal surface using calibrated neutral density filters and recordings were amplified and band-limited between 1 and 300 Hz (PowerLab 8/35, Animal Bio Amp FE136, ADInstruments, Oxford, UK).
Data analysis
Baseline-corrected ERGs were smoothed with a 12-points symmetrical moving average filter and analyzed as shown in Fig. 5a . Briefly, a-wave amplitudes were measured from the baseline to the maximum negative through, while b-wave amplitudes were measured from the through of the a-wave to the consecutive maximum positive through. Implicit times were determined as the latency between start of the light flash and maximum a-or b-wave amplitude respectively, while bwave durations were quantified by the full width at half-maximum (FWHM). To minimize variation between individual trials, amplitudes and implicit times were always normalized by the mean value of the last four responses under control conditions.
Statistics
Statistical significance was assessed with OriginLab Pro 9 using a repeated measures ANOVA followed by Bonferroni's post hoc analysis when comparing mean values from the same cells or a one-way ANOVA followed by Bonferroni's post hoc analysis when comparing multiple independent mean values. Homogeneity of variances between groups was tested using Levene's test for equality of variances on the squared deviations. In the case of heteroscedastic data (p < 0.05 in Levene's test and ratio of largest to smallest variance ≥ 4), statistical significance was assessed with Minitab (version 17, Minitab Inc, State College, Pennsylvania) using Welch's ANOVA and the Games-Howell multiple comparison method. All fits were performed using the Levenberg-Marquardt least-squares algorithm. Smooth curves in the figures represent fits to average data whereas values given in the text are average data from fits to individual measurements. All values in the text and figures are expressed as mean AE SEM based on n, the number of independent experiments.
Results
Lack of receptor-dependent effects of KA in stably transfected HEK-293 cells To assess potential effects of KA, we performed whole-cell patch-clamp recordings in HEK293 cells stably transfected with human Ca v 2.3 + b 3 channel complexes. The first set of experiments was intended to exclude an action mediated by endogenous KA-receptors. To remove traces of inhibitory metal ions typically present in physiological solutions (but see section Evidence for receptor-independent effects of KA on Ca v 2.3 channels), the standard HEPES-based perfusion medium was supplemented with 2 mM of the trace metal chelator tricine (Tn). Under these conditions, addition of 27 lM KA had no effect on peak whole-cell currents carried by 5 mM Ca 2+ and evoked by step depolarization to 10 mV (HEPES+Tn in Fig. 1a ). In addition, exposure to KA without stimulation did not elicit detectable current responses in any of a total of six cells examined and no transcripts of KAreceptor subunits could be amplified from isolated ribonucleic acid (RNA) under conditions where corresponding transcripts were easily amplified from reverse-transcribed mouse brain RNA (data not shown). Together, these findings are consistent with previous reports about the absence of functional KA-receptors in HEK-293 cells (Carver et al. 1996; Jones et al. 1997) , and confirm that they provide a suitable expression system for assessing glutamate receptorindependent effects of KA.
Evidence for receptor-independent effects of KA on Ca v 2.3 channels When tricine was omitted from the external solution, the same concentration of KA often (in 3 of 5 recordings) produced a subtle but evident stimulation of currents recorded at 10 mV, which was reversible after washout with control solution (HEPES in Fig. 1a ). Similar effects were observed when whole-cell currents in the same recording solution were acquired before and after equimolar substitution of HEPES by tricine (10 mM), which should eliminate any contaminating trace metal ions present. As shown in Fig. 1b , tricine stimulated peak Ca 2+ currents at most test potentials examined and raised the maximum slope conductance (G max ) by 38 AE 13% (n = 5), suggesting that it removed from the external solution traces of metal ions that tonically inhibit the channels. Application of 27 lM KA reconciled these effects, although it was less effective and only increased G max by 20 AE 10% (n = 6). Together with the lack of effects observed in the presence of tricine (HEPES+Tn in Fig. 1a ), these findings would be consistent with a KA-induced (but incomplete) reversal of suppression by contaminating metal ions. However, candidates for trace impurity are numerous and KA only partly reproduced the effects of tricine, so that we did not try to unequivocally identify the nature of metal ions present in our solution. Importantly, the lack of tricine-induced changes in the timecourse of macroscopic currents (Fig. 1c) excluded appreciable contamination with Cu 2+ , which produces a characteristic kinetic slowing Shcheglovitov et al. 2012 ) (see also below). It follows that any Cu 2+ -dependent action of KA should become evident after addition of Cu 2+ to the recording solution as described below.
KA reverses allosteric suppression by physiological free Cu 2+ concentrations When the HEPES-based external solution was spiked with 50 nM Cu 2+ (nominal concentration), currents activated and inactivated at more depolarized test potentials and exhibited much slower rates of macroscopic activation (Table 1) , which is consistent with previous reports about allosteric Cu 2+ suppression (Shcheglovitov et al. 2012) . Under these conditions, addition of KA produced a more pronounced, voltagedependent stimulation of peak Ca 2+ currents and fully reconciled the effects of trace metal chelation with tricine ( Fig. 2a-c) . Note that there was little effect of KA or tricine at potentials that produce nearly complete macroscopic activation (e.g. 60 mV in Fig. 2b ) and the changes in G max were more consistent but often less pronounced than in measurements without added Cu 2+ (compare HEPES and +Cu 2+ in Fig. 2d ). However, IV-curves were displaced along the voltage axis (Fig. 2c) , and this was due to a significant shift of channel voltage-dependence by about 10 mV to more negative test potentials ( Fig. 3a and b , Table 1 ). Altogether, these effects are consistent with a reversal of allosteric suppression by Cu 2+ , which has been shown to inhibit channel gating with little effect on the conduction properties (Shcheglovitov et al. 2012) . For comparison, Fig. 3c and d contrasts the effects on half-activation voltage (V 0.5act ) and activation slope factor (dV act ) observed in the presence and absence of Cu 2+ . It can be seen that a subtle but significant voltage-shift by 3-4 mV was also observed without added Cu 2+ , which may have been related to traces of Zn
2+
, Ni 2+ , or other metal ions contaminating the recording solution (but see section Experimental implications). This is also supported by the fact that KA had no effect at all the shape of IV-curves or the maximum slope conductance (G max ) when recordings were performed in the continued presence of 2 mM tricine (Fig. 2d) . More importantly however, most of the effects on channel voltage-dependence (Fig. 3c ) and the increased voltage-sensitivity (Fig. 3d) were only observed in the presence of Cu 2+ , confirming that they depend on pre-existing suppression by this metal ion. That KA had no effect at all on G max when recordings were performed in the continued presence of 2 mM tricine (Fig. 1a and Fig. 2d ) supports the assumption that even its action without added Cu 2+ must have relied on the presence of (contaminating) metal ions. Both KA and tricine also reversed the Cu 2+ -induced kinetic slowing, as reflected in a significantly faster time course of macroscopic activation and a decrease of activation time constants to the values observed without added Cu 2+ ( Fig. 4a and b , Table 1 ). The Cu 2+ -dependence of these effects at two different test potentials is exemplified in Fig. 4c (10 mV) and Fig. 4d (30 mV). Finally, it should be noted that tricine but not KA produced a subtle but significant negative shift of the apparent reversal potential (V rev ) by 6 AE 2 mV in the presence and 4 AE 1 mV in the absence of Cu 2+ (not shown), suggesting that it altered the concentration and/or species distribution of permeant ions. As discussed in more detail in section Mechanism of Ca v 2.3 channel modulation, this may have been related to the ability of tricine to weakly interact with alkaline earth metal ions like Ca 2+ . In any case, the effects shown in Figs 2-4 are consistent with previous reports about the Cu 2+ -induced selective suppression of Ca v 2.3 channel gating and its reversal by trace metal chelation with tricine respectively (Shcheglovitov et al. 2012) . More importantly, they provide compelling evidence that KA can potently stimulate these channels in the presence of physiological Cu concentrations, presumably by formation of stable kainateCu 2+ complexes.
Chelation of endogenous trace metals alters retinal neurotransmission
To evaluate whether these effects of KA could also alter Ca v 2.3 channel function in a native, organotypic system with transsynaptic signaling, we employed electroretinographic (ERG) recordings from the isolated and superfused neural retina (Fig. 5a ). Ca v 2.3 channels are involved in caminobutyric acid (GABA)-ergic reciprocal inhibition of rod bipolar cells (Siapich et al. 2009 ), and genetic ablation or pharmacological suppression of these channels by Zn 2+ or Ni 2+ have been shown to selectively enhance a late component of the ERG b-wave (L€ uke et al. 2005a; Siapich et al. 2010; Alnawaiseh et al. 2011) . During initial experiments in the murine retina, we found that stable recordings in this system critically depend on the presence of several (trace metal binding) amino acids in the perfusion medium (Albanna et al. 2017) . In addition, antagonism of KA receptors with UBP 301 (up to 20 lM with 3-27 lM KA) was insufficient for complete suppression of the receptor- dependent effects of KA, while application of CNQX (30 lM) resulted in a loss of basal responses to light (unpublished observation). To circumvent these problems, we employed the bovine retina, which allowed for stable recordings with a simple HEPES-based perfusion medium. In addition, we took advantage of our above findings and used tricine as a surrogate for the metal-dependent action of KA on Ca v 2.3 channels. After stabilization of responses in the HEPES-based control solution, complete and stable ERGs could be recorded for several hours, which allowed us to assess the effects of tricine both in the absence (HEPES in Fig. 5b -e) and presence (+Cu 2+ in Fig. 5b -e) of exogenous Cu 2+ (for absolute values before normalization see Table 2 ). Finally, to examine tricine effects on isolated photoreceptor responses, recordings were repeated after a 24 h incubation of retinae in the dark, which led to a complete loss of b-waves whereas a-waves at higher light intensities were still well preserved ( Fig. 5f and g ). Fig. 6a shows typical ERGs recorded before (Ctrl), during (Tn) and after (Wash) a first application of tricine in the nominal absence of Cu 2+ . Under these conditions, tricine reduced both apparent a-and b-wave amplitudes ( Fig. 5b  and d and Fig. 6a and b) and significantly decreased bwave implicit times (Fig. 5c and Fig. 6c ), confirming that endogenous and possibly contaminating metal ions exert constitutive effects on inner transretinal signaling. Washout with control solution led to partial (amplitude) or complete (implicit times) reversal of the b-wave but not apparent awave effects, so that the former changes were not due to an effect on retinal phototransduction. In addition, there was no clear effect of tricine on a-wave implicit times (Figs 5e and 6c) and the changes in a-wave amplitudes were no longer observed after loss of the b-wave (Fig. 5f ), suggesting that they were mostly a consequence of changes in b-wave kinetics (i.e. decreased b-wave implicit times). Note also that tricine tended to be most effective in reducing the late ERG b-wave, which was reflected in a fully reversible albeit non-significant tricine-induced decrease of b-wave durations in the nominal absence of Cu 2+ (Fig. 7a) .
Chelation of exogenous Cu 2+ suppresses a late ERG b-wave component Following removal of (pre-bound) endogenous free metal ions by the first tricine application and return to standard HEPES buffer, the solution was spiked with 100 nM nominal Cu 2+ , which should be sufficient for considerable suppression of Ca v 2.3 channels with little effect on most other known targets. Under these conditions, tricine produced a significant and completely reversible reduction of bwave amplitudes (Figs 5b and 6d and e), implicit times (Figs 5c and 6d and f) and duration ( Fig. 7c and d) . Apparent a-wave amplitudes and implicit times did not change significantly (Figs 5d, e and 6e and f) after loss of the bwave (Fig. 5f) . Altogether, these effects are consistent with a reversal of Cu 2+ -induced suppression of Ca v 2.3 (and possibly other targets), which should increase GABAergic reciprocal inhibition of rod bipolar cells in the transretinal network, thereby reducing late components of the ERG b-wave.
Discussion
KA is a potent excitotoxic convulsant that exerts its action via activation of non-NMDA ionotropic glutamate receptors (Zaczek and Coyle 1982) . Our findings demonstrate a novel, Cu 2+ -dependent modulation by KA of cloned human Ca v 2.3 + b 3 channel subunits, which can be observed in the absence of functional glutamate receptors and reconciled by Cu 2+ chelation with tricine. Using tricine as a surrogate for the receptor-independent action of KA on inner retinal signaling, we also exemplify how modulation of Ca v 2.3 and possibly other trace metal sensitive targets could alter normal function in an intact neuronal network. Below, we will address the role of trace metal chelation for KA-induced Ca v 2.3 channel stimulation and briefly discuss experimental and potential pathophysiological implications of our findings.
Mechanism of Ca v 2.3 channel modulation
Native and recombinant Ca v 2.3 channels are a well-known target for endogenous trace metal ions (Zn 2+ and Cu 2+ ), which can bind to a site in the domain I gating module and stabilize closed channel states (Shcheglovitov et al. 2012 ). We did not carry out a detailed analysis of the underlying mechanism, but our findings reaffirm that physiologically relevant Cu 2+ concentrations potently inhibit Ca v 2.3 channel gating. More importantly, they provide compelling evidence that KA can reverse tonic suppression by Cu 2+ and significantly increase the response of cloned Ca v 2.3 channels to depolarization. Thus, in the presence of low nanomolar extracellular free Cu 2+ , KA produced significant shifts of channel voltage-dependence to more negative test potentials, increased the voltage-sensitivity and accelerated the time-course of macroscopic activation. The effects depended on pre-existing inhibition by Cu 2+ and could be reproduced by the trace metal chelator tricine, which reduced free Cu 2+ to negligible levels. In the absence of Cu 2+ , KA produced a more subtle and relatively variable stimulation that was not observed when it was applied in the presence of tricine, suggesting that it may also reverse suppression by certain contaminating metal ions. Together, these findings agree with previous reports that KA tightly binds Cu 2+ and, to a lesser extent, other trace metal ions such as Zn 2+ , Fe 3+ , or Ni 2+ (Robbins 1994; Burns et al. 2007) . Also, the closely related excitatory amino acid L-Glu has been shown to reverse Ca v 2.3 channel suppression by Zn 2+ and Cu 2+ , albeit at almost 10-fold higher concentrations (Shcheglovitov et al. 2012) . Considering the higher Cu 2+ affinity of KA (logK CuL =10.1, logK CuL2 =7.6) 22 compared to L-Glu (logK CuL =8.2, logK CuL2 =6.4) (Shuaib et al. 1999; Aydin and Yirikogullari 2010) or tricine (logK CuL =7.8) (Good et al. 1966; El-Roudi and Abdel-Latif 2004) , it seems justified to propose that our observations are related to the formation of stable kainate-Cu 2+ complexes. Minor differences between the effects of KA and tricine we observed could then be accounted for by differences in their metal ion binding properties and/or concentration. For example, the reduced affinity of KA for trace metals other than Cu 2+ together with its lower concentration compared to tricine might explain why it was much less effective in reversing suppression by contaminating metal ions. Tricine but not KA also affected the apparent reversal potential both in the presence and absence of added Cu 2+ , which may have been related to its ability to weakly interact with alkaline earth metal ions like Ca 2+ (logK CaL =2. . Thus, with 5 mM Ca 2+ as the charge carrier and 1 mM Mg 2+ in our external solution, tricine (10 mM) should have lowered free Ca 2+ and Mg 2+ levels by about 1.2 mM and 0.2 mM respectively, which might account for subtle changes in V rev .
Pathophysiological relevance
The exact role of endogenous free Zn 2+ and Cu 2+ in the brain remains controversial, but a number of previous findings indicate that they mediate anticonvulsive and neuroprotective effects (Lees et al. 1998) . Estimated resting concentrations are sufficient for tonic suppression of Ca v 2.3 channels (Shcheglovitov et al. 2012 ) and other synaptic targets (Paoletti et al. 1997; Nelson et al. 2007) , so that they could serve to limit pathologic hyperexcitability mediated by excessive activation. Consistent with such a role, depletion of endogenous TMIs has been demonstrated to augment KA-induced neurotoxicity (Lees et al. 1998 ) and can trigger seizure activity and neuronal cell death during subconvulsive KA over-excitation in mice (Dominguez et al. 2003) . Moreover, complete chelation of synaptic TMIs in the hippocampus by diethyldithiocarbamate (DEDTC) induces excitotoxicity and convulsions in healthy rats, suggesting that even in the absence of other pathological phenomena, chelation of endogenous TMIs can lead to abnormal hippocampal excitation (Blasco-Ibanez et al. 2004) . We have previously shown that DEDTC stimulates cloned Ca v 2.3 channels in the presence but not absence of micromolar Zn 2+ and that intraperitoneal DEDTC treatment Effects on isolated photoreceptor responses, determined following complete loss of the b-wave after 24 h incubation of the same retinae in the dark.
Recordings were performed in the same retinae before (HEPES) and after (+Cu significantly alters blood glucose homeostasis and peptide hormone secretion in wildtype but not Ca v 2.3-deficient mice (Drobinskaya et al. 2015) . What makes it difficult to appreciate the potential implications of our findings with regard to KA-induced seizures is that brain tissue concentrations of KA reached after systemic administration have not been established (Berger et al. 1986) . However, KA is resistant to enzymatic degradation or reuptake, so that it could accumulate in brain regions with high KA-or AMPAreceptor densities. This in turn makes it tempting to speculate that trace metal chelation by KA itself could contribute to the substantial, tissue-specific loss of free TMIs that has been observed in the limbic system of mice following KA-induced seizures (Takeda et al. 2003) . Indirect support for a receptor-independent mechanism of action is also provided by previous findings that a-allo-kainic acid, a C4-epimer of KA with extremely low affinity for specific [ 3 H]-KA binding sites (Ki>10.000 nM) (Zaczek and Coyle 1982; Ferkany and Coyle 1983) , produces significant neurotoxicity and pro-convulsive effects that exceed structure-activity relationship predictions. As such, it could provide a valuable tool to further establish the pathophysiological relevance of our findings, as the strong receptordependent effects of KA itself effectively prohibit direct study of Cu 2+ -dependent actions in native systems. Here, we followed an approach that has been employed before and used tricine as a surrogate for the receptor-independent effects of excitatory amino acids. For our experiments, we chose the neural retina because it contains all major neurotransmitter systems and represents one the few preparations where the role of Ca v 2.3 channels is relatively well established. Thus, we and others have shown that they are involved in GABAergic reciprocal inhibition of rod bipolar cells and that their genetic or pharmacologic ablation selectively enhances a late ERG b-wave component (L€ uke et al. 2005a; Siapich et al. 2009; Alnawaiseh et al. 2011) . Our present findings show that trace metal chelation produces opposite effects and inhibits the late ERG b-wave with little effect on photoreceptor responses. Although we cannot exclude a contribution of other metal ion-sensitive targets, the direction and magnitude of effects are in close agreement with increased GABAergic signaling due to a relief of metal-induced suppression of Ca v 2.3 channels.
Experimental implications
While the in vivo relevance of our findings remains to be firmly established, a significant proportion of work related to KA-induced neurotoxicity is carried out in isolated tissues (brain slices or acutely dissociated primary cells), with concentrations of KA often exceeding those employed in our experiments (Gepdiremen et al. 1997; Oliva et al. 2002; Hou 2011; Smialowska et al. 2012) . Considering the seemingly high incidence of trace metal contamination in commonly used external solutions (Paoletti et al. 1997; Shcheglovitov et al. 2012) , chelation by KA could obviously contribute to the observed effects and disinhibit Ca v 2.3 as well as other targets tonically suppressed by low nanomolar concentrations of Cu 2+ or Zn 2+ (Ca v 3.2, postsynaptic NMDA-receptors) (Spedding and Paoletti 1992; Nelson et al. 2007 ). It has also been shown that chelation by amino acids enhances cellular uptake of 67 [Cu 2+ ] in hypothalamic brain slices by up to a factor of four ). Similar findings have been reported for a number of metal chelators (Jonas and Riley 1991; Chen et al. 2000) and linked to subsequent activation of MAPK/JNKs death signaling pathways, which are a hallmark of KAinduced apoptosis in hippocampal neurons (Faherty et al. 1999; Mielke et al. 1999) . In this study, the effects of tricine (or KA) without added Cu 2+ were quite subtle and not associated with changes in the time-course of macroscopic activation, so that we could exclude appreciable contamination with Cu 2+ . However, based on previous studies, contaminating Cu 2+ levels in common electrophysiological solutions can easily reach concentrations in the order of 50-100 nM. We and others have shown that this is sufficient for significant suppression of Ca v 2.3 channels, so that it could also provide a pathway for receptor-independent effects of excitatory amino acids like KA or L-Glu. As long as the relevance of KA-induced trace metal chelation in vivo remains to be established, it may therefore be preferable if in vitro studies are performed under conditions that exclude formation of kainate-metal complexes. This could be achieved by pre-treatment of solutions with metal chelating resins, use of tricine-buffered solutions or addition of a small amount of some higher affinity trace metal chelator like EDTA or DTPA.
Conclusion
Having been used for more than two decades, KA-induced seizures in rodents are one of the most widely used models of human temporal lobe epilepsy. Previous investigations have focused on high-affinity activation of non-NMDA ionotropic glutamate receptors and evaluated downstream consequences of receptor-mediated depolarization. Our observations in a heterologous expression system provide evidence for a novel, receptor-independent pathway by which KA could affect Ca v 2.3 channel function in the presence of physiologically relevant concentrations of free Cu 2+ and possibly other metal ions. Although the relevance of trace metal chelation for the epileptogenic and neurotoxic effects of KA in vivo is not clear, our findings have important experimental implications. They could also help to elucidate the exact mechanisms of KA-induced excitotoxicity and (partly) explain its specificity to the hippocampus. Further investigation will be necessary to establish and rate the relevance of our findings in native systems and, if applicable, integrate them into current understanding of KA-induced seizures and hippocampal sclerosis.
